Introduction
first demonstrated that substituting the wheat genome into the cytoplasm or "plasmon" of Aegilops caudata L. resulted in male-sterility. Eleven years later Wilson and Ross (1962) discovered cytoplasmic male sterility induced by the cytoplasm of Triticum timopheevi and it has been of great interest to wheat breeders ever since. In fact, it is considered by many to offer the best potential for commercial production of hybrid wheat. Since the days of Kihara, more than 70 sterilizing cytoplasms have been identified and studied in detail in wheat (Singh et al. 2010) . Unfortunately, an efficient and reliable system for hybrid wheat production has remained elusive.
It is now well known that cytoplasmic male sterility (cms) is the result of an incompatibility of nuclear and cytoplasmic (mitochondrial) genomes. For any cms-based hybrid system to work several key requirements must be met. One is complete male sterility of the female cms line; another is full fertility of the F 1 hybrid produced by cross pollination of the cms line. Both of these aspects of male fertility are based around nuclear genes termed "restorers of fertility" (Rf). The focus of this paper is on removing a Rf locus to generate a resource to produce male sterile lines to be used in a cms breeding program. Finally, various sterilizing plasmons must not compromise any agronomic traits lest they become undesirable for breeding efforts. Thus, the selection of a suitable sterilizing plasmon is essential to the success of a hybrid breeding program.
The cytoplasm of T. timopheevi has been extensively tested in many attempts to develop viable hybrid wheat programs. It does have some minor negative effects on the agronomic performance of hybrids (Baier et al. 1978; Boland and Walcott 1985) but its main problem is in difficulty of the restorer line development (Edwards 2001) . Potent restorers are few, and so
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If the three plasmons of Aegilops were to be used in hybrid wheat development, the restoring locus on 1BS would have to be removed. Recently, Tsunewaki (2015) described the genetic similarity among Ae. kotschyi, Ae. mutica, and Ae. uniaristata plasmons and concluded that a single locus was responsible for fertility restoration in all three. Using 1BS-1RS recombinants developed by Lukaszewski (2000) he was able to localize this locus to a 2.9 cM long region on the genetic map of chromosome 1BS generated by Sharma et al. (2009) . He named the locus Rf multi for "restoration of fertility in multiple CMS systems". A single locus with either three linked restorers (or a single restorer to all three cytoplasms) would be beneficial in that breeders would not be limited to a single plasmon. Based on the testers used, Tsunewaki (2015) noted that the recessive non-restoring allele (rf multi ) would be limited to wheat T. spelta var. duhamelianum. Interestingly, T. spelta var. duhamenlianum carries a potent restorer to the timopheevi cytoplasm on chromosome arm 1BS, probably representing yet another allele of the same locus interacting with the mitochondrial genome.
With the information provided by Tsunewaki (2015) and over 100 recombinant chromosomes 1RS-1BS on hand, it appeared worthwhile to engineer a chromosome 1B where an insert of rye chromatin from 1RS would remove the Rf multi restorer locus, thus creating the potential for making use of the kotschyi, uniaristata and mutica cytoplasms in wheat without the detriment associated with the 1RS.1BL translocation. With a small enough insert, all detrimental quality defects of the 1RS.1BL translocation would be remedied.
Materials and methods

Plant material
Alloplasmic lines of T. aestivum cv. Chinese Spring with plasmons of Ae. kotschyi, Ae. mutica, and Ae. uniaristata were kindly provided by Tsunewaki of the Fukui Prefectural University, Japan. These plasmons were introduced into Chinese Spring by repeated backcrossing and were used here to test male fertility of lines with new chromosome constructs (Tsunewaki 2015) .
Lines of cv. Pavon 76 homozygous for recombinant chromosomes 1BS-1RS were produced by induced homoeologous recombination by Lukaszewski (2000) . The original set numbered 103 lines; it now contains ca. 150 lines. Almost all recombinant chromosomes are single breakpoint translocations. They are classified into two types based on the configuration of wheat and rye segments: chromosomes with designation T-have proximal rye and terminal wheat segments; designation 1B+ is for chromosomes with proximal wheat and terminal rye segments. The basic set of recombinants was tested for the presence of the Rf multi locus by Tsunewaki (2015) and used to place the locus within a 2.9 cM region on 1BS. Using the principle of the chromosome engineering devised by E.R. Sears (1981) , recombination in overlapping rye segments of two reciprocal 1RS-1BS recombinant chromosomes without the Rf multi locus would generate chromosome arm 1BS with an insert of rye chromatin removing the locus.
Genetic map
The basic set of the 1BS-1RS recombinants were genotyped using the DArT system, to increase the resolution of the resulting genetic map. JoinMap4.0 was used to construct a linkage map for 1BS-1RS chromosome arms using both wheat-and rye-specific DNA markers. Before creating linkage groups all identical markers were excluded but identical individuals were retained as a measure of genetic distances along the chromosome arm. Linkage groups were generated using the default settings for the independence LOD parameter. Mapping was done using the default setting for regression mapping using the Kosambi mapping function. As before (Lukaszewski 2000) genetic distances were expressed as relative values, assuming the total map length of 50 cM. Given the crossover frequency of 1BS with 1RS and the progeny sample screened, the actual genetic length of the entire arms is about 0.003 cM.
Cytology
Based on the results of Tsunewaki (2015) two recombinant chromosomes, 1B+1 and T-6, were selected. Their translocation breakpoints bracket a 6 cM region carrying the Rf multi locus. Two lines carrying the two chromosomes were intercrossed, the F 1 was self-pollinated and the F 2 progeny were screened by C-banding for the presence of recombined chromosomes. A crossover event in the overlapping rye segments of the two primary recombinants generates a standard 1RS arm and a 1BS arm appearing normal in C-banding. Preparations with what appeared as normal-looking chromosomes 1B were de-stained and tested by in situ probing with labelled total genomic DNA of rye using the approach of Massoudi-Nejad et al. (2002) .
Plants with verified secondary recombinant chromosomes (chromosome arm 1BS with an intercalary insert from rye 1RS) were grown, self-pollinated and homozygotes (disomics) were selected. The engineered chromosomes were tested for their ability to cause male sterility in alloplasmic lines using the Ae. kotschyi-CS, Ae. uniaristata-CS and Ae. mutica-CS lines. To further test them, semi-sterile F 1 hybrids Ae. kotschyi-CS × Pavon 1B 1:6 were also pollinated with a ditelosomic 1BL line of Pavon 76. Twenty seeds from this cross were grown to anthesis to test their male fertility.
Results
The new genetic map of 1BS-1RS chromosome arms, created using the primary recombinants and incorporating cytological and genetic markers from Lukaszewski (2000) and Sharma et al. (2009) , contains 37 markers with the distribution of translocations breakpoints consistent with the earlier maps (Lukaszewski 2000; Sharma et al. 2009 ). However, additional markers used here increase resolution and differentiated between translocation breakpoint previously listed in the same intervals. In the context of this article, additional markers differentiated between translocation breakpoints T-6 and T-34 showing that the T-6 breakpoint is more distal than that of T-34 (Table 1) .
Recombination of 1B+1 and T-6 recombinant chromosomes
Primary recombinant chromosomes 1B+1 and T-6 are readily identifiable by C-banding. Any crossover event within the overlapping rye segment of these two primary recombinants would produce either a normal-appearing 1RS.1BL translocation or normal-appearing chromosome 1B. Upon screening 359 progeny seedlings obtained by self-pollination of a hybrid carrying both primary recombinants, ten recombinant chromosomes were recovered of which six appeared as normal-looking chromosomes 1B and four as normal looking chromosomes 1RS.1BL. This gives the total recombination frequency of the overlapping rye segment at 2.78 % almost exactly one half of the estimated maximum length of the segment at 6 cM. Verification by in situ probing with rye total genomic DNA probe confirmed that all six normal-appearing chromosomes 1B were in fact secondary recombinants with small inserts of rye chromatin in the 1BS satellite (Fig. 1) . Using the system proposed by Lukaszewski (2000) these chromosomes are designated secondary recombinants 1B 1:6 .
Verification of sterility among alloplasmic progeny
As demonstrated by Tsunewaki (2015) a single copy of wheat chromosome 1BS does not fully restore male fertility in alloplasmic lines. We have used this property to test the engineered chromosomes 1B 1:6 . The F 1 hybrid kotschyi-CS × Pavon 1B 1:6 had reduced fertility relative to normal alloplasmic CS line indicating that the restorer was present in a single copy. When backcrossed to Pavon Dt.1BL as female two classes of progeny are expected with regard to chromosome 1B. One class has chromosome1B from CS with its functional Rf multi locus and the other is telocentric 1BL. This group of progeny should be semi-sterile. The other group of progeny has 1B 1:6 where a rye insert removed the Rf multi locus and telocentric 1BL from Pavon Dt.1BL, therefore no functional Rf multi and should be male sterile. The proportion of semi-sterile to sterile progeny should be 1:1. Among the 20 progeny tested for the recovered 1B 1:6 chromosome, ten showed semi-sterility and ten were sterile giving exactly 1:1 segregation. In a reciprocal cross to euplasmic Pavon Dt.1BL no male sterility was observed.
Progeny resulting from self-pollination of Ae. kotschyi-CS × Pavon 1B 1:6 F 1 hybrids are expected to fall into three classes with regard to chromosome 1B composition and fertility. Disomics for CS 1B should be fully fertile, heterozygotes for CS 1B and 1B 1:6 should be semi-sterile while homozygotes for 1B 1:6 should be male sterile. Assuming no difference in the transmission rates of the two chromosomes the expected segregation ratio is 1:2:1. However, earlier experience with chromosome 1B+1 indicated its reduced male transmission rate. Among 42 progeny tested here the observed ratio was 15 fertile: 24 semi-sterile: and 3 male sterile plants (χ 2 = 7.72, p > 0.05). This significantly deviates from random segregation but is fully consistent with cytologically verified transmission of the translocation chromosome 1B+1 against the complete 1B and 1RS.1BL in Pavon76. In each configuration only 2 homozygous progeny were recovered out of the 15 plants screened. However, when the subsequent generation was obtained via self-pollination of heterozygotes of chromosome 1B 1:6 (with normal 1B) or backcrosses of heterozygotes with 1B to other cytoplasms, and screened cytologically no deviation from normal segregation was observed. In this generation, more detailed counts of seed set were taken. When chromosome 1B 1:6 was present as a heterozygote with normal 1B, the average seed set per spikelet was 2.01 ± 0.60 (18 plants tested), when it was disomic or present with the 1RS.1BL translocation all 17 plants were completely male sterile. For comparison, among nine sister plants disomic for normal 1B the average seed set was 2.91 ± 0.1. Hybrids involving all three cytoplasms, of Ae.kotschyi, Ae. uniaristata and Ae. mutica behaved in the same manner with the exception of considerable lateness of all plants with the cytoplasm of Ae. mutica.
Discussion
The original recombinants 1RS-1BS were developed to remedy the quality defect of the 1RS translocation. However, they can be used just as well for other purposes, such as the one followed here. Additional uses are likely to come up in the future; the root-enhancing locus from 1RS (Sharma et al. 2009 ) is a good candidate but its close linkage with a storage protein locus will complicate the issue.
Two 1RS-1BS recombinant chromosomes selected for this exercise, 1B+1 and T-6, were the best option based on available information. The rye segments in the two chromosomes overlap by ca. 6 cM (in relative genetic length units). This is twice as much as the genetic distance to which Tsunewaki (2015) assigned the Rf multi locus, but the configuration of the primary recombinants is of critical importance in chromosome engineering. While locus allocation can be made in any recombinant, regardless of its configuration, creation of small segment insert dictates that the inserted segments must overlap. For this reason, the choice of specific primary recombinants was limited. However, with high resolution mapping of the 1BS-1RS arms (Table 1) , additional primary recombinants can be used, once they are tested for the presence/absence of the Rf multi . Some chromosomes with translocation breakpoints within the critical region were not tested by Tsunewaki (2015) , however, they could reduce the insert size when recombined with T-34. Early observations of seed set in testcrosses indicate that chromosome T-34 does carry the Rf multi locus and so the length of the rye segment in the engineered chromosome 1B can be reduced by about one half.
The observed recombination frequencies for the two chromosomes in question, 1B+1 and T-6, were surprisingly close to those expected, based on the estimated genetic distance separating the two breakpoints. In the original study with these recombinants very strong effects of the chromosome structure were observed that generally reduced the recovery rate of secondary recombinants (Lukaszewski 2000) . The crossover rate observed here was a benefit, reducing the projected population to a very manageable size. Such close agreement between the expected and observed crossover rate may be related to the physical location of the recombining region. Unexpected was the low transmission rate of the secondary recombinant chromosome 1B 1:6 in the first generation after its creation, suggesting some structural aberration, such as duplication or deletion. However, in the subsequent generation the chromosome behaved normally, producing standard segregation ratios and all alloplasmic lines homozygous or hemizygous for 1B 1:6 were male sterile while heterozygotes with 1B were partially male fertile. Simple fertility tests of the engineered chromosomes 1B 1:6 clearly show that the insert of rye chromatin does remove the Rf multi locus and that 1B 1:6 homozygotes and hemizygotes are indeed completely male sterile. Therefore, male sterile wheats with the Ae. kotschyi plasmon (and those of Ae. uniaristata and Ae. mutica as well) can be generated by introgressing engineered chromosome 1B 1:6 into alloplasmic lines. This does not require any sophisticated monitoring, whether by DNA markers or cytology. Fertility reduction is as obvious sign for the presence of 1B 1:6 ; after BC 1 only male sterile lines would be chosen for further backcrossing.
With chromosome 1B 1:6 the sterilizing effect of the three Aegilops cytoplasms is no longer limited to wheats carrying the 1RS.1BL translocation, with its negative quality effects. We have not tested our 1B 1:6 homozygotes for bread making quality but since the rye insert does not carry any known storage protein loci, nor does it remove any such loci from 1BS, we see no reasons to expect such effects.
Higher resolution of genetic mapping using DArT markers indicate that the introgressed rye segment can possibly be reduced to a genetic length below 1 cM. However, this requires further testing of primary recombinant chromosomes with breakpoints in the vicinity of the Rf multi locus. This screening is underway. In the meantime, chromosome 1B 1:6 can be used to generate male sterile lines.
As shown by Tsunewaki (2015) and confirmed (and used) here, heterozygosity for normal chromosome 1B (single dose of Rf multi ) does not fully restore male fertility. Full fertility is only observed in disomics 1B that is, with two doses of Rf multi . This creates a new opportunity for chromosome engineering, as an extra dose of Rf multi can be placed in various regions in the genome of a pollinator to create F 1 hybrids with two doses, and presumably, full male fertility.
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